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PRINCIPLE OF OPERATION 

A way of e s tab l i sh ing  the  re la t ionsh ip  between sediment concentrat ion and v ib ra t iona l  
frequency i s  depicted in f igure  l a ,  which shows a container of volume V suspended from a 
spring wi th  a de f l ec t ion  constant of K. I f  the  container i s  pulled away from i t s  r e s t  
pos i t ion and then released,  the  vesse l  o s c i l l a t e s  up and down wi th  harmonic motion, I f  
the  container's mass i s  considered t o  be negligible,  the  v ib ra t iona l  period can be 
expressed a s  T = 27r qm, where p i s  the  density of the  water-sediment mixture ins ide  
the  container. The re la t ionsh ip  between C (sediment concentrat ion in p a r t s  per m i l  l ion) 
and p i s  given by: 

where Pw i s  water density. and pg i s  sediment-grain density. I f  ps, pw, K, and V have 
f ixed values, t h e  v ib ra t iona l  perlod can be approximated a s  

where a and b a r e  constants. This approximat ion i s  near ly  exact i f  C i s  smal l  and i f  
the  p a r t i c l e s ,  container,  and water a l l  o s c i l l a t e  together wi th  the  same phase and 
amplitude. As equation 2 shows, T and C a r e  monotonically r e la ted  so t h a t  C can be 
determined with the  a i d  of a c a l i b r a t i o n  chart  and a value f o r  T. 

Three addi t ional  items a r e  needed t o  make the  system of f igure  l a  adaptable t o  r i v e r  
measurements. F i r s t ,  t he  system must be connected t o  tubes t h a t  carry r i v e r  water 
through the  container; second, the  system must be f i t t e d  wi th  a d r ive r  t h a t  sus ta ins  the 
v ib ra to ry  motion; f i n a l l y ,  the system must be equipped wi th  data-collection equipment 
t h a t  measures and records the  v ib ra t iona l  period. Figure l b  shows a system tha t  * 
includes these addit ions.  The case along with i t s  inner p a r t s  form a Dynatrol c e l l  
manufactured by Automation Products of Houston, Texas. The case i s  a massive s t e e l  pipe 
t h a t  damps v ib ra t ion  a t  the open ends of the U-tube. The curved end of the  U-tube i s  
f r e e  t o  v ib ra te  a s  the  dr ive  c o i l ,  ac t ing  by magnetic induction, a l t e r n a t e l y  p u l l s  and 
pushes on the lower magnetic core. The sense-coil,  a l s o  working by induction, produces 
a voltage a s  t h e  upper magnetic core moves up and down. Springs i n  the form of can t i -  
levers  couple the  magnetic cores t o  the  U-tube. 

The e l e c t r i c a l  components on f igure  l b  were designed by the  Sedimentation Project  
 p ever age and Skinner, 1982). The "feedback amplif ier" sus ta ins  v ib ra t ion  by accepting 
motion-induced voltage s igna l s  from the  sense c o i l  and then del iver ing an amplif ied 
version of these s ignals  t o  the  d r ive  coi l .  The "'periodmeasuring c i rcu i t "  compares the 
period of the dr ive-coi l  voltage wi th  the  period of a c r y s t a l  o s c i l l a t o r  and then .. 
displays  a seven-digit number termed the "count. The count reading i s  proportional  t o  
t h e  U-tube's v ib ra t iona l  period. 

SOURCES OF MEASUREMENT EiRROR 

The vibra t ional  period of the  U-tube i s  influenced by severa l  f a c t o r s  tha t  a r e  not 
r e l a ted  t o  the concentration of sediment in the water. Understanding the nature and 
r o l e  of these error-producing f a c t o r s  i s  a c r i t i c a l  s t ep  i n  obtaining accurate concen- 
t r a t i o n  data. 

* 
Use of t rade  names i n  t h i s  paper does not cons t i tu te  endorsement by the U.S. Geologi- 
c a l  Survey. 
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t r a t i o n .  (b )  Schemat ic  of a  f low-through c o n c e n t r a t i o n  probe.  (c)  Rela- 
t i o n  between count  and w a t e r  t empera tu re .  (d )  R e l a t i o n  between pumping 
r a t e  and t h e  s h i f t  i n  count .  



Temperature i s  a s ign i f i can t  f ac to r  because i t  a l t e r s  the  densi ty  of the  water in t h e  , 
U-tube. As temperature drops, the  pW term i n  equation 1 increases u n t i l  i t s  value reache's 
a maximum a t  4OC. The term then decreases s l i g h t l y  a s  the  temperature declines toward 
oOC. A temperature s h i f t  a l s o  changes the c h a r a c t e r i s t i c s  of a l l  p a r t s  ins ide  the  
instrument case. For example, a downward s h i f t  i n  temperature causes the springs t o  
contract  and become s t i f f e r .  A l l  of these changes combine t o  produce the  re la t ionsh ip  
shown on f igure  Ic. The graph shows tha t ,  f o r  temperatures near 14'~. the count i s  only 
s l i g h t l y  a f fec ted  by warming o r  cooling trends. A t  o ther  temperatures, the count s h i f t s  
dramatically wi th  w e n  s l i g h t  changes i n  temperature. A warming trend s t a r t i n g  a t  OOC 

causes the  count t o  increase whereas a warming t rend s t a r t i n g  a t  2o0c causes the  count 
t o  decrease. Rapid changes i n  temperature c rea te  addi t ional  problems re la ted  t o  thermal 
lag. I f  water temperature drops abruptly, the  count begins t o  s h i f t  but a t  a slow ra te .  
Eventually the  count r e s t a b i l i z e s ,  but the  adjustment t ime may be a s  long a s  1 hour. 
Apparently, t h i s  thermal lag i s  caused by the  weak thermal coupling between the  U-tube 
and the  springs, a s  shown on f igure  lb. When the  temperature of the  water s h i f t s  
downward, heat  immediately begins t o  flow from the  warm springs t o  the  cool U-tube; 
however, t h i s  heat t r a n s f e r  occurs slowly because the  junction is a slender rod wi th  a 
small cross-sectional  area. As the springs cool, they become s t  i f f e r - - in  other words, 
t h e i r  K value (see f ig .  l a )  increases. 

Compounds dissolved i n  the  water a r e  another source of measurement error.  The r e l a t i o n  
between solut ion densi ty  and dissolved-solids concentrat ion depends upon the  solute's 
chemical composition. For compo&ds normally present i n  r i v e r  water, however, t h i s  
chemical f a c t o r  i s  almost ins ignif icant .  Equal concentrat ions of sodium chloride, 
potassium chloride,  and sodium s u l f a t e  a l l  s h i f t  the  count by nearly equal amounts, f o r  
example. Laboratory t e s t s  reveal  another in te res t ing  fac t :  The gage responds t o  d i s -  
solved so l ids  and t o  suspended sediment ( spec i f i c  g rav i ty  = 2.65) with near ly  equal 
degrees of s e n s i t i v i t y   wera rage, 1982). 

Variation of f low r a t e  through the  U-tube is another po ten t i a l  source of error. As 
f low-rate s h i f t s  t o  higher values, the  v ib ra t iona l  period lengthens (and the count 
increases), a s  shown by the  trend in f igure  Id. The reason f o r  t h i s  lengthening has not 
been d e f i n i t e l y  established.  A possible cause i s  r e l a ted  t o  system damping. Kinet ic  
energy delivered t o  the  water by the v ibra tory  motion i s  continuously carr ied  away by 
the  flow. An increase i n  energy loss  gives r i s e  t o  an increase i n  system damping: 
Timoshenko (1948, p. 38) shows tha t  an increase in damping causes an increase in 
v ib ra t iona l  period. 

Additional perturbations i n  v ib ra t iona l  period a r e  caused by a i r  bubbles i n  the water,  
by p a r t i c l e s  t h a t  s t i c k  t o  the  wa l l s  of the  U-tube, and by v ib ra t ion  of the instrument 
case. A i r  bubbles speed the  v ib ra t ion  by decreasing the  mass wi thin  the U-tube. P a r t i -  
c l e s  cl inging t o  the  tube wal ls  have the  opposite effect--they increase the  mass. Earth 
and f l o o r  v ibra t ions  usually contain a component of frequency tha t  matches the na tu ra l  
frequency of t h e  U-tube. When t ransmit ted  t o  the  instrument case, t h i s  component adds 
energy t o  the U-tube and thereby a l t e r s  the  system damping. 

S h i f t s  i n  sediment-grain s i z e  create  er rors ,  because the  instrument responds more 
strongly t o  smal l  p a r t i c l e s  than t o  large ones. A s l u r r y  containing only clay-size 
p a r t i c l e s  s h i f t s  the period about 25 percent more than a s l u r r y  containing only sand- 
s i ze  pa r t i c l e s .  This s h i f t  i n  instrument s e n s i t i v i t y  i s  probably caused by slippage 
bettreen the  v ib ra t ing  water and the suspended p a r t i c l e s .  Instead of moving i n  s t e p  wi th  
the v ibra t ing water, la rge  p a r t i c l e s  remain near ly  s t a t ionary  as  .the water sweeps back 



and f o r t h  around them. Clay-size p a r t i c l e s  move wi th  the water, and the  p a r t i c l e s  and , 
water v ib ra te  a s  a unit .  Grain-size e r r o r s  a r e  r e la ted  t o  the hydraulic and sediment ' 

c h a r a c t e r i s t i c s  of the  gaging s i t e .  

FIELD INSTALLATION 

An experimental U-tube system was i n s t a l l e  a t  the  Willow Creek s t a t i o n  near Madison, 4 Wisconsin. Willow Creek drains about 3 m i  in a f u l l y  developed r e s i d e n t i a l  area. The 
s t a t i o n ,  which is about 300 f t  downstream of a storm-sewer ou t l e t ,  has a control  con- 
s i s t i n g  of a 6 - f t  wide Parshall  flume i n s t a l l e d  i n  a concrete weir. The s t a t i o n  was 
chosen because i t  i s  readi ly  access ible  t o  personnel a t  the U S .  Geological Survey 
D i s t r i c t  Office, and because it has a s h e l t e r  wi th  e l e c t r i c  power and telephone service. 

The experimental apparatus i s  shown on f igure  2. The solid-arrowed l i n e s  ind ica te  flow 
paths when the  system i s  operating i n  the  "'monitoring" mode. River water flows through 
t h e  pump, the heat  exchanger, and the  U-tube. Discharge from the  U-tube flows down 
through the r i g h t  leg of the Y f i t t i n g  a t  the  pinch valve and then empties i n t o  the  
r iver-water container. Overflow from t h i s  container empties i n t o  a waste l i n e  leading 
outs ide  the shel ter .  Every 5 minutes, the  data logger p r i n t s  the  count reading along 
wi th  r iver-water temperature and conductivity. Every 4 hours, these  readings a r e  merged 
wi th  f i l e  numbers, dates,  times, and s tage  readings and a r e  t ransmit ted  by telephone t o  
a computer a t  the  off ice .  In  the  monitoring mode, a l l  equipment operates automatically.  

The dashed arrows on f igure  2 show flow paths when the  system i s  operating in the  
reference  mode. About 2 quar ts  of d i s t i l l e d  water a r e  pumped i n t o  the  U-tube t o  d i s -  
p lace  t h e  r i v e r  water. Then the  flow i s  stopped and a count reading i s  recorded. 
Switching the system i n t o  the  reference mode requires  several  manual operations. The 
operator stops the  pump, ro ta tes  the  pinch valve t o  the r igh t ,  and then r e s t a r t s  the  
pump i n  the  opposite direction.  After  the  d i s t i l l e d  water in the  reference container 
has been t ransferred t o  the  U-tube, the operator stops the  pump and wa i t s  u n t i l  the  
e lec t ron ic  c i r c u i t s  record the  new count reading. The operator then r e f i l l s  the  re fe r -  
ence container from a separate d i s t i l l ed -wate r  reservoir  and proceeds t o  r e s t o r e  the  
system t o  the monitoring mode. During periods of low flow when l i t t l e  sediment is  
moving, a reference count reading i s  taken every few days; during periods of high flow, 
a reference reading i s  taken every few hours. 

Al l  of the  components shown on f igure  2 serve a purpose i n  e l iminat ing or compensating 
f o r  measurement e r r o r s  discussed i n  the  previous section. The springs a t  the  top of the  
U-tube i s o l a t e  the case from f loor  v ibra t ions;  the  thermal insula t ion i s o l a t e s  t h e  case 
from f luctuat ing a i r  temperatures and thereby a l lows the  e n t i r e  instrument t o  operate a t  
r iver-water temperatures. The heat exchanger and the  s t i r r i n g  paddle i n  the  reference 
container maintain the  d i s t i l l e d  water a t  t h e  same temperature a s  the  r i v e r  water. The 
U.S.G.S. Minimonitor senses r iver-water temperature and conductivity so that correct ion 
f a c t o r s  can be applied. Discharge through the  U-tube i s  regulated by a speed-controlled 
motor on the p e r i s t a l t i c  pump. A vacuum ins ide  the  case p r w e n t s  moisture from con- 
densing on the outer  wal ls  of the  U-tube wi thin  the  case. 

FTELD-TEST PROCEDURE 

The f i e l d - t e s t s  were designed t o  evaluate the  dependability and accuracy of the  appara- 
t u s  i n  f igure  2. Performance during base-flow i s  monitored but most of the  t e s t i n g  
focuses on sto&-related events. When a storm i s  forecas t ,  an operator s t a r t s  the  
servicing procedure by i n s t a l l i n g  a new tube i n  the  p e r i s t a l t i c  pump. This s t ep  i s  
probably the most c r i t i c a l  and troublesome phase of the  e n t i r e  t e s t i n g  program. After a 
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few hours of continuous operat ion, the  pump tubing begins t o  develop h a i r l i n e  cracks. 
A t  f i r s t ,  small  a i r  bubbles leak through the  cracks and become entrained i n  the  U-tube 
flow. Later, the  cracks lengthen, the  a i r  leaks increase, the  pump r a t e  begins t o  
diminish, and the  count readings a r e  disturbed t o  a greater  and g rea te r  degree. M t e r  
about 12 hours of operation, the cracks reach t h e  high-pressure s ide  of the  pump and 
water begins t o  leak onto the  floor.  Sometimes t h e  leak or  a diminished flow-rate i s  
the  f i r s t  indication that  a problem has been developing and that many of t h e  previous 
count readings a r e  invalid. 

Cleaning the U-tube i s  another important par t  of preparing the equipment f o r  a runoff 
went .  Hoses leading t o  the  U-tube a r e  disconnected and a b o t t l e  brush that i s  soldered 
t o  a f l e x i b l e  speedometer cable i s  repeatedly pulled around the U-tube loop t o  clean the 
inside surfaces. 

During the  storm, the operator s t ays  a t  the  s i t e  and periodically takes reference 
readings and a l s o  co l l ec t s  samples from the  discharge end of the U-tube. 

MTA REDUCTION 

The data-reduct ion process involves several  s t eps  that w i l l  be explained by an example 
extracted from the  l as t  data obtained i n  the t e s t  program. The complete data s e t  began 
a t  1800 hours on October 18 and ended a t  0755 hours on October 19. A sample of t h i s  
record i s  shown i n  table  1. The following discussion explains the  e n t r i e s  s t a r t i n g  with 
the  l e f t  column. .. .. 
MQ&.--'k" denotes readings col lected i n  the  reference mode: M denotes readings col-  
lected i n  the  monitoring mode. 
Time.--Central-standard time. 
Stage.--River-stage in  f e e t .  
-.--All of these data a r e  from the  record produced by the  data logger shown on 
f igure  2. Occasionally a minor discrepancy of one un i t  appeared between the  raw count 
regis tered on the  data logger and the  raw count displayed on the period-measuring 
c i r c u i t .  
-a--River-water temperatures measured by the  Minimonitor (see f igure  2). 
~ I Q  Q.--Pump-discharge data. Numbers in parentheses a r e  discharges measured by t h e  
operator, the  remaining numbers a r e  est imates.  Notice that a value of zero has been 
entered fo r  a l l  'k" readings because t h e  d i s t i l l e d  water in the U-tube was stagnant 
while t h e  raw-count reading was being collected. . . 
S D e c l f - - R i v e r - w a t e r  conductance measured by the Minimonitor (see f igure  2). 
-.--These numbers a r e  assigned during the  data reduction process and a r e  
used a s  p ivota l  points f o r  correct ing "raw count" reading for  s h i f t s  in river-water 
temperature. A group of consecutive readings i n  the  temperature column i s  se lected so 
that t h e  beginning and end of t h e  group is  centered above and below a reference reading. 
The approximate mean temperature f o r  the  group is entered in the base temperature 
column. 
Ea%Q.--These numbers a r e  assigned during the  data-reduction process and a r e  used a s  
p ivo ta l  points f o r  correcting t h e  "raw count" readings fo r  s h i f t s  i n  pump discharge. .. 
Assigning e n t r i e s  in  t h i s  base Q*' column i s  analogous t o  assigning values i n  t h e  'base- .. 
temperature column. A group of consecutive readings in the pump Q column i s  se lected 
so that the  beginning and a d  of the  group i s  centered above and below a reference 
reading. Groups in the  "'pump Q" column coincide wi th  groups i n  the  temperature column. 
The approximate mean of the  pump Q readings i s  entered in  the base Q column. 
TemDeraturecorrection.--Values a r e  changes i n  count produced  by^ s h i f t i n g  temperatures 
from values i n  the  temperature column t o  corresponding values i n  the  base-temperature 
column. All  changes in count a r e  read from an enlarged plot  of f igure  lc.  
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-.--Values a r e  changes i n  count produced by s h i f t i n g  the  pump discharges from; 
values in  the  pump Q column t o  corresponding values i n  t h e  base Q column. A l l  changes 
in  count a r e  read from an enlarged p lo t  of f igure  Id. 
-.--Each value i s  the  sum of three  numbers: Raw count, temperature correc- 
t ion,  and Q correction. For example, a t  2055 hours the  corrected count of 3106272 i s  
obtained by the  following computation: 3106271 + 2 - 1. 
N e t . - - E a c h  value i s  the  di f ference of two numbers i n  the  corrected count column; 
one i s  opposite t h e  chosen time, the  other i s  opposite the  concomitant x* entry. For 
example, a t  2050 hours the  net  count of 24 i s  obtained by t h e  following computation: 
3106181 - 3106157. The net-count data i s  proportional t o  the  sum of two concentrations: 
dissolved-solids and suspended-sediment. Laboratory t e s t s  show tha t  the  proportional .. 
constant i s  about 6.4. This constant i s  used l a t e r  in computing values in the  sus- 
pended-sediment concent r a t  ion" column. 
*.--Numbers i n  parentheses a r e  laboratory values. As sug- 
gested by Beverage (19821, these analyses were plot ted  agains t  conductivity readings and 
t h i s  re la t ionship  (see f ig .  3a) was then used t o  convert a l l  conductivity readings in 
t a b l e  1 t o  dissolved-solids concentrations. 

- ent c o n c e n t r a t . - - V a l u e s  shown a r e  computed by multiplying net counts by 
6.4 and then subtracting dissolved-solids concentrations. The numbers in  parentheses 
a r e  sediment concentrations obtained by analyzing samples col lected from the  discharge 
end of the  U-tube. 

FIELD-TEST RESULTS 

The "suspended-sediment concentrat iod '  column i n  t ab le  1 shows discrepancies between 
computed and sampled concentrations. For example, the  computed value i s  86 mg/L a t  
t ime 2035, whereas the  measured value i s  132 m g / ~ .  Figure 3b compares computed and 

, sampled values f o r  the  s ix teen p a i r s  l i s t e d  on the  table.  The s c a t t e r  on f igure  3b 
indicates  tha t  the  "probable e r r o r  s t a t i s t i c "  i s  about + 25 mg/L. In  other words, half  
of the  plotted points deviate from the  l i n e  of equal i ty  by l e s s  than 25 mg/L. By 
comparison, data f o r  storms t h a t  occurred ea r ly  in  the  t e s t  program had a much larger  
probable error--about + 200 m g / ~ .  

Two fac to rs  reduced the  probable e r r o r  in  the October 18 data. One fac to r  i s  r e la ted  t o  
r iver-water temperature. During October 18, temperatures were not only s t a b l e  but 
p lot ted  near the  level  pa r t  of the  temperature-correction curve. This led t o  the  small  
temperature-corrections in t a b l e  1. The other fac to r  i s  r e la ted  t o  the  pump. Experi- 
ence has taught the  importance of replacing the  pump tubing frequently and of s t ab i -  
l i z i n g  the  pumping r a t e  a t  about 115 rnL.1~. During many of the  ea r ly  t e s t s ,  the  pumping 
r a t e  f e l l  t o  about 50 mL/s--a r a t e  t h a t  probably allowed sediment t o  deposit a t  t h e  
bottom of the U-tube. 

A time-series p lo t  of the  October 1 8  event i s  shown i n  f i g u r e  3c. Several features  
should be noted. The instrument recorded sharp sediment peaks when there  was l i t t l e  
change i n  stage. Sediment peaks of t h i s  nature probably would be missed i n  a manual- 
sampling program. Also, it i s  unl ikely  t h a t  a sediment-rating curve would r e f l e c t  the 
rapid fluctuations.  The 5-minute in te rva l  between successive measurements i s  required 
t o  detect  both shape and amplitude of each spike. Shorter t ime in te rva l s  a r e  possible. 

Finally,  one point must be emphasized: Figure 3c represents  the  sediment concentration 
a t  the p&ping intake and not t h e  mean concentration in t h e  r i v e r  cross section. 



SPECIFIC CONDUCTANCE, K SAMPLED CONCENTRATION 
IN YlLLleRAMS PER L V E R  

CENTRAL STANDARD TIME 

F i ~ u r e  3 . - - ( a )  R e l a t i o n  be tween d i s s o l v e d - s o l i d s  c o n c e n t r a t i o n  and s p e c i f i c  
c o n d u c t a n c e  a t  t h e  Wil low C r e e k  s i t e  on O c t .  1 8 ,  1984.  ( b )  Comparison o f  
computed and  sampled c o n c e n t r a t i o n s  f o r  s t o r m  of  O c t .  18-19,  ( c )  S t a g e  
and computed s e d i m e n t - c o n c e n t r a t i o n  hydrog raph  f o r  same s t o r m .  



rmTURE DEVELOPMENT 8 

Future work with vibrational-type sensors will follow two directions. In one direction, 
work on the U-tube will be continued. Studies will focus on improving the hardware 
(principally the pump) and correcting the U-tube's temperature-response problems. In 
the other direction, research on a new style of vibrating gage will be started. This 
gage will consist of a straight tube inside a streamlined, submersible case. 
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